The objective was to enhance the production of the phenolic compounds in plant cell suspension cultures of T. peruviana at shake flask scale. The effects of salicylic acid (SA), methyl-jasmonate (MeJA) and the combination of both (SA/MeJA) were studied. Elicitor concentration, elicitation time and harvest time of cells were optimized. Phenolic compound content (PCC), flavonoid content (FC) and antioxidant activity (AA) were determined by the folin-ciocalteu method, flavonoid-aluminum complexation method and the ABTS assay, respectively. Differences between intracellular metabolite profiles due to the mentioned treatments were analyzed by Thin-layer chromatography and High-performance liquid chromatography.
Introduction
Thevetia peruviana (Pers.) K. Schum is an ornamental shrub belonging to the Gentianales order, Apocynaceae family. It is widely distributed in the tropical and sub-tropical regions of Central and South America, Asia, and Africa [1] . This plant is pharmacologically recognized for containing cardiotonic glycosides such as peruvoside and thevetin [2, 3] , especially concentrated in its seeds. These metabolites have a positive inotropic effect, like in digoxin [1, 4] . Therefore, the un-regulated consumption of the fruits has been reported as toxic [5] . T. peruviana also produces phenolic compounds with potential usage as antimicrobial [6, 7] and antineoplastic drugs [8, 9] . Additionally, flavonoids have been identified in the fruits and leaves of this plant, and they are capable of inhibit the integrase enzyme and reverse transcriptase associated to DNA polymerase of the human immunodeficiency virus HIV-1 [10] .
Phenolic compounds (PC) are one of the most important secondary metabolites in plants. These compounds are related to the mechanisms of environmental adaptation and stress under in vivo growth conditions [11] . However, the quality and quantity of the PC and other secondary metabolites produced in field crops is extremely variable and depends on the biotic and abiotic conditions [12] . In vitro cultivation of plant cells is a viable alternative to increase the growth rate of biomass and the stability during the continuous production of PC and other metabolites. Additionally, in vitro cultivation allows for the manipulation of growth variables, as well as the use of precursors and/or elicitors. These variables might change the biosynthetic pathways of the compounds, optimizing its production [13] .
An elicitor can be defined as a compound (natural or synthetic) that initiates or improves the biosynthesis of specific metabolites when introduced in small concentrations to a living cells system [14, 15] . Jasmonates (JA) and salicylic acid (SA) are signaling molecules that respond to the biotic and abiotic stress of the plants. These molecules can be used to induce catalytic reactions by specific enzymes involved in the biosynthesis of PC [16] . JA and SA have been used in the stimulation of flavonoids and polyphenols production in cell suspension, calluses and tissue cultures of diverse plant families [17] [18] [19] [20] [21] . A recent study published by Rincón et al. [22] reported an increase in the production of PC from callus culture of T. peruviana elicited with a combination of 100 mM of JA and 10 mM of abscisic acid. Similarly, MeJA, a derivative of jasmonic acid, has also been used to elicitate cell suspension culture of T. peruviana, resulting in an increased production of peruvoside, a cardiotonic glycoside [23] .
In this study, the effect of SA and MeJA was evaluated on the production of PC in a plant cell suspension culture of T. peruviana at shake flask scale. The concentration and time of addition of the elicitors that improve the production of PC was established, as well as the time of cultivation of the cells post-elicitation.
Materials and methods

Reagents and materials
Folin-Ciocalteu reagent (2.0 N), salicylic acid, methyl jasmonate (95%) and quercetin were purchased from Sigma-Aldrich Chemicals (St. Louis, MO). Gallic acid, acid 2,2 0 -azino-bis (3-ethylbenzothiazoline-6-sulfonic, ABTS) and glass HPTLC (High Performance TLC) Silica Gel 60 F 254 plates were purchased from Merck (Darmstadt, Germany).
Callus culture
Calluses were obtained from fruit pulp of T. peruviana plants cultivated at the Universidad Nacional de Colombia, Medellin (6 15 0 44 00 N 75 34 0 37 00 O). Fruits were disinfected following the protocol outlined previously by Arias et al. [23] . Briefly, fruits were submerged in ethanol (70%) for 5 min. Then transfer to a solution of NaClO at 10% (v/v) for 5 min. In-between and after the disinfectants, the fruits were rinsed three times with sterile distilled water. Afterwards, the explants were transferred aseptically onto Schenk and Hildebrandt solid medium (SH) supplemented with 2 mg/L 2,4-D, 0.5 mg/L kinetin, 7 g/L agar, 30 g/L sucrose and 1 g/L myoinositol (pH 5.8), sterilized at 20 psi for 15 min. Cultures were maintained on photoperiod (12 h light/12 h darkness) at 25 C. Sub-cultures were performed every 3 weeks until friable calluses were obtained.
Cell suspension culture
Ten grams of fresh friable calluses (g FW) were transferred to 100 mL of SH liquid sterile medium supplemented with 2 mg/L 2,4-D, 0.5 mg/L kinetin, 30 g/L sucrose and 1 g/L myoinositol (pH 5.8), in 250 mL flasks. Cell suspension cultures were maintained on an orbital shaker at 110 rpm (New Brunswick TM Innova1 2300), natural photoperiod and 25 C. Sub-cultures were made every 2 weeks.
Growth kinetics
Growth kinetic was done in 250 mL flasks, using an inoculum (cell suspension culture) of 6 days from the last subculture, and an initial concentration of 2-3 g dry weight per liter (DW/L) in 100 mL of supplemented SH liquid sterile medium. The other conditions of the cultures were maintained as previously described. Cellular growth was determined by measuring the DW of biomass every 2 days for 18 days, in duplicate. The content of each flask was filtered using a vacuum system and quantitative filter paper. Biomass was rinsed three times with distilled water and was dried in a convection oven at 60 C for 48 h [24] . Results were expressed as g DW/L.
Elicitor treatment method
SA and MeJA were prepared in an aqueous solution of ethanol 50% (v/v) and were filter-sterilized through a 0.45 mm Millipore filter (Minisart1, Sartorius, Germany). Experiments were done with 6 days cell suspensions at a concentration of 2-3 g DW/L in 250 mL flasks with 100 mL of SH liquid sterile medium, under the same conditions described previously. A factorial experiment based on completely randomized design was used to study the effect of the elicitation conditions on the PC production. The evaluated factors were: elicitor concentration, elicitation time and harvest time of the cells post-elicitation (see supplementary file).
All the experiments were carried out in triplicate using a destructive sampling method, which consisted of processing the complete sample at each harvest time. Ethanol solution 50% (v/v) was used as control in these experiments. Non-significant elicitor effect was found when ethanol 50% was used when compared to a culture without ethanol (data not shown).
2.5.1. Effect of elicitor concentration on PC production Concentration of each elicitor was initially evaluated. MeJA was used in concentrations of 0, 1, 3 and 5 mM; while SA was used in concentrations of 0, 100, 300 and 600 mM. Elicitor concentration ranges used in these experiments were chosen by reviewing published studies [17, 18] and by a previous screening performed in our laboratory. Elicitors were added during the exponential growth phase (day 8). Cells were harvested 24 h and 96 h after the addition of the elicitor.
Effect of the elicitation time on PC production
Elicitors were added at three different times: at the beginning of the culture (day 0) and during the exponential phase (days 4 and 8), using the best concentration of each elicitor, as it was previously established. Cells were harvested 24 h and 96 h after the addition of the elicitor.
Effect of the harvest time on PC production
The best cultivation time (24-48 -72-96 and 120 h) after addition of the elicitor was determined, using the concentration and elicitation time that were previously established. In addition, flavonoid content (FC) and antioxidant activity (AA) were measured for each cultivation time.
Analytical methods
Intracellular metabolites
The biomass was dried in a convection oven at 60 C for 48 h and was pulverized using mortar and a pestle. The powder (0.3 g) was extracted with 15 mL of an aqueous solution of ethanol 50% (v/v), in an ultrasonic bath (40 kHz) at 30 C for 30 min, to obtain the intracellular metabolites. The extracts were centrifuged at 3000 rpm for 10 min; the supernatant was collected and stored in polypropylene tubes at -4 C, protected from light. The extracts were used for the quantitative determination of phenols and flavonoids. An extract of the dried and powder fruit pulp of T. peruviana was also prepared to determine the metabolites present in the initial explant, following the methodology prescribed for the intracellular extraction of the T. peruviana biomass.
Extracellular metabolites
Extracellular metabolites were determined directly from the cell culture medium without any previous extraction step.
Phenolic compounds content (PCC)
These compounds were determined with the folin-ciocalteu method, using gallic acid as standard [25] . A volume of 2 mL of samples (culture medium or intracellular extracts) were mixed with 2.5 mL of the folin-ciocalteu reagent at 10% (v/v), in different test tubes. After 2 min, 2 mL of 7.5% (p/v) Na 2 CO 3 were added; followed by incubation during 10 min at 50
C. The absorbance of each reaction was measured at a wavelength of 765 nm in a Genesys 20 Spectronic spectrophotometer (Thermo Fisher Scientific1). The equipment was adjusted to zero absorbance using the following blank: 2 mL of water plus 2.5 mL of 10% folin-ciocalteu reagent and 2 mL of 7.5% Na 2 CO 3 . A standard calibration was prepared using gallic acid (80 -40 -20 -10 and 5 mg/mL) and the PCC in each sample was calculated and expressed as milligrams equivalent to gallic acid per gram of dry biomass weight, mg GAE/g DW.
Flavonoid content (FC)
Flavonoid compounds were determined by flavonoid-aluminum (AlCl 3 ) complexation method [26] , using quercetin as a standard. Briefly, a volume of 1 mL of samples were added in different test tubes and 0.3 mL of 5% (p/v) NaNO 2 was added to each sample, followed by 5 min of incubation. Then, 0.5 mL of 2% (p/v) AlCl 3 was added and the sample was softly shaken and neutralized 6 min later with 0.5 mL of 1 N NaOH. After 10 min, the absorbance was read at a wavelength of 425 nm. Samples without AlCl 3 were used as blank. FC was calculated using a standard calibration of quercetin alcoholic solution (200 -100 -25 -12.5 and 6.25 mg/mL) and expressed as milligrams of quercentin equivalent per gram of dry biomass weight, mg QE/g DW.
Antioxidant activity (AA)
Antioxidant activity was determined using the ABTS radical cation decolorization assay [27] . Previously, an aqueous solution of 7 mM of ABTS was prepared and the ABTS radical cation was obtained mixing equal volumes of 7 mM ABTS solution and 2.45 mM potassium persulfate. The mix was incubated in the dark for 16 h at 24 C. Concentrated solution of ABTS + was diluted in distilled water until an absorbance of 0.70 AE 0.1 was achieved at a 734 nm wavelength.
A volume of 100 mL of each sample was mixed with 3 mL of the ABTS + solution. The mixture was incubated for 10 min in the dark and then the absorbance was measured at 734 nm, using methanol as blank. AA was calculated using a standard calibration of Trolox methanolic solution (150 -75 -37.5 -18.8 and 9.4 mg/mL) and expressed as milligrams equivalent to Trolox per gram of dry biomass weight (mg ET/g DW).
Thin-layer chromatography (TLC)
A preliminary analysis of the intracellular PC in the cell suspensions before and after the treatments with the elicitors was performed by TLC. A 10 mL volume of each intracellular extract was concentrated in a rotary evaporator (IKA1 HB10) 
HPLC-DAD
A volume of 2 mL of intracellular extracts were diluted to 10 mL in volumetric flask with a 50% ethanol aqueous solution and then were filtered on 0.45 mm membranes. Diluted extracts were analyzed on a Shimadzu Prominence HPLC equipment coupled to a diode array detector (SPD-M20 A). A reversed phase column LiChrospher1 250-4 RP-18, 5-mm (Merck S.A) was used for the chromatographic separation at 28 C, using a flow rate 1.5 mL min À1 and the injection volume 20 mL. The mobile phase consisted of: A (formic acid 1% in water) and B (formic acid 1% in acetonitrile). The elution gradient was as follows: 0 min (80% A + 20% B); 7 min (75% A + 25% B); 13 min (70% A + 30% B); 7 min (65% A + 35% B); 3 min (80% A + 20% B). For the data analysis, the wavelength of 280 nm was selected. The retention times (t R ) and the UV-vis absorbance data of the peaks present in the samples and those obtained from analytical standards of flavonoid and phenolic compounds previously reported in T. peruviana [28] , were compared. The analytical standards were HPLC grade and included: chlorogenic acid (!95%), trans-sinapic acid (!99.0%), quercetin (!95%), (AE)-hesperetin (!98.0%) and kaempferol (!97.0%).
Statistical analysis
All data obtained was analyzed with the free statistic software RStudio Version 1.1.383. The results of PCC, FC and AA were present as mean AE standard deviation (SD). Differences between treatments were evaluated with a one-way variance analysis (ANOVA) with a significance level of 0.05. Multiple (pair-wise) comparisons was done by Tukey's honest significantly test (Tukey's HSD) and results were presented as confidence intervals at 95% (95% CI).
Results and discussion
Growth kinetics
The exponential growth phase of cell suspension culture of T. peruviana lasted 12 days, followed by a stationary phase until day 16, at which point the cells enter the cellular death phase. The maximum observed concentration of biomass was 14.81 AE 0.32 g DW/L. This kinetic behavior is comparable to that reported in previous reports [23, 24] , indicating the in vivo stability of these plant cell specie.
Production of PC in cell suspensions
PC were measured in the culture medium (extracellular compounds) and in the biomass (intracellular compounds) every two days for 18 days. Extracellular PC increased as a function of time, reaching a maximum concentration on day 4 (8.54 AE 0.1 mg GAE/g DW), and then decreased progressively to a minimum of 2.41 AE 0.04 mg GAE/g DW on day 18 of culture ( Fig. 1) . It is possible that after day 4, the levels of phenolic compounds began to decline due to extracellular enzymatic activity. Berlin et al. [29] . showed that cinnamic acid and benzoic acid derivatives decreased in the first 40 h from the extracellular medium in cell suspension cultures of bean and soy, because of elimination reactions and oxidative decarboxylation.
By contrast, intracellular PC were relatively constant during cell growth. The higher production of these compounds was at 4 th day during the exponential phase (3.71 AE 0.11 mg GAE/ g DW). The lowest content was found in the fruit pulp extracts (2.47 AE 0.07 mg GAE/ g DW) ( Table 1 ). These results prove that establishing cell suspension culture of T. peruviana increases intracellular production of PC compared with the original source of the cultures. (Fig. 2A) and during the exponential phase (days 4 and 8) (Fig. 2B and C) ; controls were cell cultures without elicitor. Bars represent the means AE SD of three independent experimental replicates. For each parameter, values with different letters are significantly different (p < 0.05). Table 2 shows the effects of SA and MeJA concentration on the production of extracellular and intracellular PC. At the extracellular level, both SA and MeJA did not significantly affect the accumulation of PC (p > 0.05). On the other hand, at the intracellular level, MeJA affected the accumulation of PC in a dose dependent manner. Additionally, MeJA significantly decreased the accumulation of biomass of T. peruviana in both times, 24 h (p value = 0.0116) and 96 h post-elicitation (p value = 0.0153). The inhibiting effect of MeJA on the biomass accumulation was also reported in cell suspension cultures of Taxus [30] and strawberries [31] . Two independent studies showed that MeJA inhibits the mitotic cycle in plant cells, halting them in G1-phase before the transition to S-phase. This reduces the progression of the cellular cycle and consequently, the number of cells that are actively divided [30, 32] . These findings would explain the reduction in the cellular growth that was observed in cell suspensions of T. peruviana treated with MeJA. As for the treatment with SA, under our experimental conditions, this elicitor did not affect the biomass accumulation in the cultures of T. peruviana (Table 2) . For this reason, it is implied that the treatment with MeJA and/ or SA is not recommended when the objective is only the biomass production.
Effect of elicitor concentration on PC production
Effect of the elicitation time on intracellular PC production
To evaluate this parameter, the elicitors (3 mM MeJA and 300 mM SA) were added to the cell suspensions at the beginning of the culture growth (day 0) and during the exponential phase (day 4 and day 8) . Fig. 2 shows the intracellular phenolic content in the cultures 24 and 96 h after elicitor addition. PC increased significantly compared to the control cultures when SA was added on day 4 of growth; when SA was added at the beginning (day 0) or at the end (day 8) of the exponential phase, a non-significant increase in PC was produced compared to control. On the other hand, MeJA significantly increased the content of PC compared to the control, in the three times of elicitor addition and 96 h postelicitation. Increasing the accumulation of PC, after the addition of MeJA in the exponential phase had been previously described by Wang et al. [33] . They specifically observed the rise in the content and production of flavonoids in cell cultures of Hypericum perforatum. Remarkably, day 4 of growth proved to have the greatest accumulation of PC after the treatment with MeJA and SA. Therefore, to produce these metabolites, day 4 is taken as the optimum time for addition of these elicitors to cell suspension cultures of T. peruviana.
Effect of the cultivation time on intracellular PC production
This parameter was evaluated on the treated cultures with 3 m M MeJA, 300 mM SA, and a combination of both, 300mM SA + 3mM
MeJA (SA/MeJA). Elicitors were added to the suspension cultures on day 4 of growth, according to previous results. Besides the effect on the intracellular accumulation of PCC, FC and AA were evaluated at 24-48 -72-96 and 120 h post-elicitation (Fig. 3) .
Treatment with SA, MeJA and SA/MeJA increased the biosynthesis of PC, compared to the control (without elicitation) in all evaluated times. Additionally, direct relationship between PCC, FC, and AA was observed. The highest levels of PCC and AA were found in the treatments with 3 mM MeJA at 96 h post-elicitation (PCC = 4.47 AE 0.37 mg GAE/ g DW; AA = 16.65 AE 1.43 mg TE/ g DW), representing a rise of 49.25% and 66.28% compared to the control, respectively. Additionally, the higher content of FC was found 72 h post-elicitation with 3 mM of MeJA (FC = 6.88 AE 0.65 mg QE/ g DW), representing a 105.26% increase compared to cultures without treatment with MeJA.
On the other hand, the maximum elicitor effect of SA was reached during the first hours of cultivation, achieving an increase of 21.41% of PCC and 36.5% of AA at 24 h post-elicitation, compared to the control while FC increased 81.9% at 48 h post-elicitation. The combination of elicitors SA and MeJA also increased the production of these metabolites compared to the culture without elicitor, but these levels were lower than those obtained for MeJA alone and were higher than those with SA alone. These results suggest that SA and MeJA have different mechanism of action on plant cell suspension culture of T. peruviana. T. peruviana is an important source of phenolic compounds and antioxidants, especially in its fruit [34] . In cell suspension cultures of T. peruviana, the production of PC has also been reported. Rincón et al. [22] reported a PC content of 0.95 AE 0.01 mg GAE/ g dried extract (DE) of T. peruviana calluses, which increased to 2.8 AE 0.02 mg GAE/ g DE after the treatment with jasmonic acid (100 mM) plus abscisic acid (10 mM). Arias et al. [24] reported the production of PC in cellular suspension of T. peruviana cultured in light with different wavelengths and in the darkness and found a total phenolic content between 7.21-7.91 mg GAE/g DW under light conditions and 9.46 mg GEA/g DW in darkness, at 23 days of growth. This study also found a direct relation between the TPC and the antioxidant capacity determined by the FRAP (Ferric Reducing Antioxidant Power) and ABTS assay.
TLC
Intracellular extracts obtained before elicitation showed 8 signals with folin-ciocalteu reagent and AlCl 3 /UV 366-nm, confirming the presence of phenolic and flavonoid compounds, respectively. Analysis of the Rf in the plate sprayed with AlCl 3 proved that the signal with Rf = 0.527 increased its concentration as the time of cultivation passes. On the contrary, the signal with Rf = 0.083 decreased with time, which suggested that some metabolites are synthesized differently as the cells grow (Fig. 4) . Differential biosynthesis of PC has been previously reported in Larrea divaricata Cav. suspension cultures, with metabolites such as p-coumaric, ferulic acid and synaptic alcohol. These differences were attributed to changes in the maximum speed of enzymes involved in the biosynthesis and degradation of phenylpropanoids [35] . Differential expression of genes involved in the phenylpropanoids biosynthesis could be another explanation for the variance in the intracellular concentrations of phenolic and flavonoids compounds [36] . Additionally, there were notorious differences in the TLC profile of the extracts from cell suspensions and fruit pulp of T. peruviana. Cell suspensions showed a complex profile of compounds that were not visualized in the fruit extract. Previous studies have reported that plant cells cultured in vitro can synthesize new compounds that may or may not be related to those previously isolated in the whole plant [37, 38] .
In addition, TLC of the intracellular extracts of biomass harvested at 96 h post-elicitation, showed 19 signals with the folin-ciocalteu reagent (Fig. 5) . TLC signal comparison showed some differences in the metabolites profile between elicited cultures and control. TLC analysis allowed for a quick view of the effect of the elicitors on the metabolite profile produced by cell suspensions. However, TLC has the disadvantage of low resolution, mainly in the separation of complex samples containing many components that differ widely in adsortivities.
HPLC-DAD
Cell suspensions treated with the elicitors showed differences in the HPLC profile compared with the control, independently of the harvest time. A total of 17 peaks were detected, however, t R and UV-vis absorbances of these peaks did not correlate with the available analytical standards (Table 3) . Therefore, it was not possible to identify these peaks. The results showed an early response of the cells to SA treatment, at 24 h post-elicitation there was an increase in the production of two compounds (peaks 3 and 4 with t R = 7.45 and 7.96 min, respectively) that were not present in the control (Fig. 6) . After 48 h, there was an increase in the production of a compound with t R = 11.62 min (peak 10) in the cultures elicited with SA/MeJA. This compound was detected in the control and all treatments, but only increased in the suspensions treated with the combination SA/MeJA. This result suggests a synergistic effect of both elicitors for the biosynthesis of the compound (peak 10). Synergistic elicitor effect between SA and MeJA was also observed for the compounds with t R = 12.5 and 12.85 min (peaks 11 and 12). On the other hand, compounds with t R = 8.89 and 13.29 min (peaks 5 and 13) only increase in the MeJA treatments after 72 h. Interestingly, the same compounds are not increase after elicitation with SA/MeJA, suggesting an antagonistic effect of SA over MeJA for these compounds. Therefore, our results indicated that simultaneous treatment of cell suspension with SA and MeJA produce an antagonistic effect in some, but not all PC in cell suspension cultures of T. peruviana.
Several studies have been shown that antagonism between endogenous SA and jasmonates (JA) plays a central role in the modulation of the plant immune signaling network [39] . Similarly, it has been reported that the exogenous treatment with both SA and JA can result in an antagonistic effect on the production of PC and antioxidants in plants, because the salicylates can override aspects of JA signaling cascade [40, 41] . However, antagonistic effect is not generalized and synergistic effect between SA and MeJA on plant secondary metabolism can also be produced [42] .
Our study did not investigate the biochemical mechanisms of the elicitation of cell suspension cultures of T. peruviana with SA and MeJA. Future experiments should be carried out to understand these mechanisms. For example, analysis of enzymes of phenylpropanoid metabolism, such as phenylalanine ammonia lyase (PAL), peroxides (POD) and polyphenoloxidase (PPO) should be considered.
Conclusion
The metabolic pathways responsible for the synthesis of PC are active in cell suspension cultures of T. peruviana. These pathways produced a complex signal profile that was detected by TLC and HPLC analysis. SA (300 mM) and MeJA (3 mM) increased the content of phenolics and flavonoids compounds, suggesting an inducer effect of these elicitors in the phenylpropanoids metabolic pathway. The addition of 3 mM MeJA on day 4 of growth and the harvest of the cells at 96 h post-elicitation produced the highest content of these secondary metabolites. On the other hand, elicitation with the SA and MeJA mixture can differentially affect the production of some PC. The results obtained in the present study allow us to conclude that this elicitation strategy can be applied jointly with scale up processes to increase the global productivity of these cultures. 
